INTRODUCTION
In the reactions of polyunsaturated fatty acids with soybean lipoxygenase, the radical intermediates have been inferred from the chemical structures of the reaction products [1] . The existence of a radical intermediates has been demonstrated in the reactions of unsaturated fatty acids with soybean lipoxygenase [2] [3] [4] and with prostaglandin synthetase [5] by e.p.r. spectroscopy. On the basis of results using 2H-labelled substrates [2] de Groot et al. concluded that 2-methyl-2-nitrosopropanol, a spin-trapping agent, reacts mainly at position 13 and/or 9 of the linoleic acid radical.
With e.p.r. spin-trapping techniques, determination of the structures of the radical adducts has been mainly based on the hyperfine splitting pattern of the e.p.r. spectra. Hyperfine coupling constants can give detailed information about the radical centre, but no information about molecular mass. In order to obtain the comprehensive knowledge about structures of the radical adducts, additional information, such as that obtained by m.s., is necessary. Recently, we have been developing a technique for the determination of the mass spectra of radicals in which h.p.l.c.-e.p.r. and liquid chromatography-thermospray-m.s. (l.c.-TSP-m.s.) are performed under the same h.p.l.c. conditions [61. Here we use this methodology to identify the molecular structure of nitrosobenzene and 2-methyl-2-nitrosopropane radical adducts formed by trapping linoleic acid-, linolenic acid-and arachidonic acid-derived radicals.
MATERIALS AND METHODS Materials
Linoleic acid (octadeca-9,12-dienoic acid), linolenic acid (octadeca-9,12,15-trienoic acid), arachidonic acid (eicosa-5,8,11,14-tetraenoic acid), and 2-methyl-2-nitrosopropane were purchased from Aldrich (Milwaukee, WI, U.S.A.). [5,6,8,9,11, 12,14,15-2H ]Arachidonic acid and the sodium salt of [9,10,12,13- Associates (Milford, MA, U.S.A.). The 13-hydroperoxylinoleic acid was prepared from linoleic acid as described by Funk et al. [7] . The 15-hydroperoxyarachidonic acid was kindly given by Dr. W. Chamulitrat. All other chemicals used were commercial products of the highest grade available.
Reaction conditions
Unless otherwise noted, the standard reaction mixtures of nitrosobenzene and polyunsaturated fatty acids (linoleic acid, linolenic acid and arachidonic acid) consisted of 30 ml of 0.2 M-borate buffer, pH 9.0, containing 10 mM-nitrosobenzene dissolved in 1.5 ml of methanol, 6.4 mM-linoleic acid (or linolenic acid or arachidonic acid), and 13600 units of soybean lipoxygenase/ml. The reaction was started by the addition of the lipoxygenase and was allowed to proceed at 25 'C for 1 min. After consisted of 5 ml of 0.2 M-borate buffer, pH 9.0, containing 23 mM-2-methyl-2-nitrosopropane, 1 mM-linoleic acid (or arachidonic acid) dissolved in 50 ,ul of ethanol, and 13 600 units of soybean lipoxygenase/ml. The other reaction conditions wire the same as for the reaction mixture of nitrosobenzene, with the exception of the reaction time, which was 3 min. The reaction mixture rapidly became anaerobic, since we used a large amount of soybean lipoxygenase (13 600 units/ml) [8] .
The reaction mixtures of 13-hydroperoxylinoleic acid (or 15-hydroperoxyarachidonic acid) with FeSO4 (or FeCl3 or soybean lipoxygenase) contained 0.5 mM-13-hydroperoxylinoleic acid (or 15-hydroperoxyarachidonic acid), 1.0 mM-FeSO4 dissolved in 10 #sl of 0.1 M-HCI (or 1.0 mM-FeCl3 dissolved in 10 1 of 0.1 M-HCI or 13600 units of soybean lipoxygenase/ml dissolved in 10 u1 of 0.2 M-borate buffer, pH 9.0), and 10 mM-nitrosobenzene dissolved in 50,l of methanol or 23 mM-2-methyl-2-nitrosopropane in 1 ml of 0.2 M-borate buffer, pH 9.0. The reaction was started by adding FeSO4 (or FeCl3 or soybean lipoxygenase). The sampling procedures for h.p.l.c.-e.p.r. analyses of the reaction mixtures were the same as those for the standard reaction mixtures of the polyunsaturated fatty acids (linoleic acid, linolenic acid and arachidonic acid). E.p.r. measurement E.p.r. spectra were obtained using a Varian E-104 e.p.r. spectrometer of 100 kHz modulation frequency. The samples were aspirated into a Teflon tube centred in a microwave cavity. The e.p.r. spectrometer settings for 2-methyl-2-nitrosopropane (nitrosobenzene) radical adducts were: microwave power, 20 mW; modulation amplitude, 0.1 mT (0.025 mT for nitrosobenzene radical adducts); time constant, 1.0 s (0.5 s for nitrosobenzene radical adducts); scan range, 8 mT scan time, 8 min. The spectra were recorded at room temperature. E.p.r. simulations were performed using a computer program for correlation analysis of the e.p.r. spectrum [9] h.p.l.c.-e.p.r. [6] . RESULTS E.p.r. spectra of the radical adducts of nitrosobenzene with linoleic acid-derived radicals E.p.r. measurements on the reaction mixture of linoleic acid with soybean lipoxygenase were performed with nitrosobenzene as the spin-trapping agent (results not shown). The e.p.r. spectrum is similar to the one reported by Aoshima et al. [3] . A similar e.p.r. signal, but of reduced intensity, was also observed in the reaction mixture without soybean lipoxygenase (results not shown), suggesting the generation of both lipoxygenasedependent and lipoxygenase-independent radicals. The reaction mixture without linoleic acid gave no e.p.r. signal. enzymic reactions might occur through a pseudo-Diels-Alder mechanism (or an 'ene' reaction) [14, 15] . Peaks I, II, and III were also observed in the u.v. trace at 280 nm of the h.p.l.c. elution pattern. Peak I was collected and its e.p.r. spectrum was measured in 10 mM-ammonium acetate/70 % (v/v) acetonitrile (Fig. 2a) . Computer simulation of the peak I radical adducts gave the following hyperfine coupling constants: aN = 1.17 mT, aO pH = 0.27 mT, am" = 0.1 mT, a,6" = 0.31 mT (Fig. 2b) . Taking into account the relatively large hyperfine coupling constant (a H = 0.31 mT) due to the fl-proton of the radical, the radical is probably carbon-centred (Fig. 3) . In order to confirm that the trapped radicals are not oxygencentred, an experiment using 1702 was performed. No additional e.p.r. hyperfine splitting was detectable in the reaction mixture bubbled with 1702, suggesting that oxygen-centred radicals were not detected under our reaction conditions.
To obtain structural information about the trapped freeradical centres, we measured the e.p.r. spectrum of peak I with [9,10,12,13-2H41linoleic acid in 10 mM-ammonium acetate/70 % (v/v) acetonitrile. The spectrum changed dramatically from the non-2H-labelled-linoleic acid spectrum (Fig. 2c) . A good simulation of the spectrum was obtained using the same hyperfine constants as for non-2H-labelled linoleic acid, except that we used 0.05 mT (0.5 G) (instead of' af2H' ofnon-_H-labelled linoleic acid/6.5) for fl-proton hyperfine coupling constant (Fig. 2d) . This suggests that the f-proton is replaced by 'H in the 2H-labelled linoleic acid. (Fig. ld) . The reconstructed l.c.-TSP-m.s. chromatogram for m/z 386 gave a peak corresponding to peak III (results not shown). Mass spectra of the peaks (I, II and III) are shown in Fig. 4 . The ion at m/z 376 in the mass spectra is due to background.
H.p.l.c.-e.p.r. analysis of the reaction mixture of 13-hydroperoxylinoleic acid, FeSO4 and nitrosobenzene
In order to determine whether the peak I radical adduct is formed from 1 formed enzymically, whereas the adduct of nitrosobenzene with the linoleic acid radical is formed non-enzymically.
Nitrosobenzene radical adduct with 12,13-epoxylinoleic acid radical: formation under different reaction systems
The relative abundance of the nitrosobenzene-12,13-epoxylinoleic acid radical adduct (peak I) was measured in the reaction mixture of 13-hydroperoxylinoleic acid under different reaction conditions (Table 1) . Formation of the 12,13-epoxylinoleic acid radical was observed in the reaction mixture of 13-hydroperoxylinoleic acid with FeSOV. A peak of low abundance was observed in the reaction of 1 3-hydroperoxylinoleic acid with FeCl3, and peak I was not detectable in the reaction of 13-hydroperoxylinoleic acid with soybean lipoxygenase. (Fig. 6) . In the h.p.l.c.-e.p.r. analyses of linolenic acid and arachidonic acid, the three major peaks are at 26.0 min (I), 27 (Fig. 7) . The reaction mixture of 13-hydroperoxylinoleic acid (15-hydroperoxyarachidonic acid), Fe2+ and nitrosobenzene also gave a peak corresponding to peak I of linoleic acid (or arachidonic acid) (results not shown) respectively. These data indicate the formation of 12,13-epoxylinolenic acid radical adduct and 14,15-epoxyarachidonic acid radical adduct respectively. The reconstructed l.c.-TSP-m.s. chromatograms for m/z 384 and m/z 410 gave peaks with the same retention times as those of peak III of linolenic acid and arachidonic acid in h.p.l.c.-e.p.r. respectively, suggesting that peaks III of linolenic acid and arachidonic acid are linolenic acid radical and arachidonic acid radical adducts (L) respectively (results not shown).
Detection of the 12,13-epoxylinoleic acid radical adduct and the 14,15-epoxyarachidonic acid adducts using 2-methyl-2-nitrosopropane as the spin-trapping reagent H.p.l.c.-e.p.r. and l.c.-TSP-m.s. analyses were performed on the reaction mixtures of linoleic acid (or arachidonic acid), soybean lipoxygenase and 2-methyl-2-nitrosopropane as spintrapping agent. The h.p.l.c.-e.p.r. analyses of the reaction mixtures gave prominent peaks with retention times of 25.4 min (linoleic acid) (Fig. 8a ) and 28.3 min (arachidonic acid) (Fig. 8b) respectively. The e.p.r. spectra of the peaks of linoleic acidderived radical (Fig. 8c) containing [9,10,12,13-2H411inoleic acid (or [5,6,8,9,11,12,14,15- (Fig. 9) . These correspond to the masses of the radical adducts of 2-methyl-2-nitrosopropane with the 12,13-epoxylinoleic acid radical and with the 14,15-epoxyarachidonic acid radical respectively. 
DISCUSSION
In the present study we detected three radical adducts (peaks Table 1) . The alkoxy radical then isomerizes to form the 12,13-epoxylinoleic acid radical which can be trapped at the C-9 or C-II position by nitrosobenzene or 2-methyl-2-nitrosopropane.
As described above, there are two possible resonance structures (C-9 and C-ll) for the 12,13-epoxylinoleic acid radical (Scheme 1). The h.p.l.c.-e.p.r. experiment using [9,10,12,133-2H41inoleic acid indicated that the proton of the radical centre is replaced by 2H. Therefore the 12,13-epoxylinoleic acid radical trapped in the present study is the radical centred at position C-9. Similarly, the 14,15-epoxyarachidonic acid radical is a C-ll carbon-centred radical. On the basis of the results obtained with spin trapping of the [2H]linoleic acid [2] de Groot et al. also concluded that the spin-trapping agent 2-methyl-2-nitrosopropanol reacts mainly at position 13 and/or 9 of the linoleic acid radical.
Linoleic acid radical (LU) might be formed during the peroxidation step to form 13-hydroperoxylinoleic acid. However, L was not detected by nitrosobenzene and 2-methyl-2-nitrosopropane in our reaction system. There are at least three possible explanations for the above results. First, the 13-hydroperoxidation oflinoleic acid occurs in the active site of soybean lipoxygenase. Nitrosobenzene and 2-methyl-2-nitrosopropane might not trap the L radical because they cannot enter the active site of the enzyme. Secondly, the organo-iron-mediated pathway for hydroperoxidation of fatty acids by soybean lipoxygenase may explain the above results, because L could not be formed [19, 20] .
Thirdly, the nitrosobenzene and 2-methyl-2-nitrosopropane radical adducts with LU are too unstable to be detected by h.p.l.c.-e.p.r.
Formation of the 12,13-epoxy-linoleic acid radical adduct detected here can explain the formation of various kinds of linoleic acid-related compounds such as linoleic acid dimers, which contain epoxide, from the reaction mixture of linoleic acid and its hydroperoxide with soybean lipoxygenase [1] . Products found include methyl 1l-(2,2,5,7,8-pentamethyl-6-oxychroman)-cis-12,13-epoxy-trans-octadec-9-enoate and methyl11 -(2,2,5,7,8-pentamethyl-6-oxychroman)-trans-12,13-epoxy-trans-9-octadecenoate from the reaction mixture of methyl linoleate hydroperoxide and FeCl3 [21] , 9-oxo-trans-12,13-epoxy-trans-10-octadecenoic acid, 9-oxo-cis-12,13-epoxy-trans-10-octadecenoic acid, 1 1-hydroxy-trans-12,13-epoxy-cis-9-octadecadienoic acid, and 1-hydroxy-trans-12,13-epoxy-trans-9-octadecadienoic acid from the reaction mixtures of 13-hydroperoxylinoleic acid with FeCl3-cysteine [22] , haemoglobin [23] , and soybean lipoxygenase [24] respectively, and trans-12,13-epoxy-9-hydroperoxy-trans-10-octadecenoic acid from the reaction mixture of 13-hydroperoxylinoleic acid with cysteine-FeCl3 [25] or haematin [26] .
In the present investigation, 2-methyl-2-nitrosopropane also trapped the 12,13-epoxylinoleic acid radical and the 14,15-epoxyarachidonic acid radical under our reaction conditions. The e.p.r. hyperfine coupling constants of the epoxy radicals are very close to the values which were reported for radical adducts 1991 of 2-methyl-2-nitrosopropane (or 2-methyl-2-nitrosopropanol) with the linoleic acid radical and arachidonic acid radical (L@) in enzymic reaction systems [2, 3, 5, 27, 28] and other oxidation systems [29] [30] [31] [32] [33] [34] [35] [36] [37] . Other information, such as mass spectra and h.p.l.c. retention times, will be necessary to distinguish the epoxy radicals from the L-species.
